Using a spatiotemporal terahertz radiation imaging technique, we visualize photogenerated metallic inhomogeneity in the charge-ordered insulating phase of Pr 0.7 Ca 0.3 MnO 3 thin film. We reveal that photogenerated metallic regions with micrometer length scales within the charge-ordered insulating matrix are created on subpicoseond time scales. Such an inhomogeneity becomes homogeneous when the laser power and bias voltage are increased. The observed photogenerated metallic regions would act as nucleus of the insulator-metal transition observed in Pr 0.7 Ca 0.3 MnO 3 .
There is great interest for colossal magnetoresistance (CMR) effect observed in perovskite manganites, in which gigantic change of the resistivity up to 10 orders of magnitude can be induced by applying the magnetic field H. 1 Noticeably, a dramatic change of the resistivity in response to H, which is accompanied by the insulator-metal transition, strongly enhances near the bicritical point, where the ferromagnetic metallic and antiferromagnetic charge-ordered (CO) insulating phases coexist or compete with each other. 1,2 The phase coexistence or phase separation, which is characterized by the existence of the intrinsic inhomogeneity, has been recognized to understand extraordinary properties of strongly correlated electron systems, including high-temperature copper oxide superconductors. 2 In the case of CMR manganites, such a phase coexistence with characteristic length scales ranging from nanometers to micrometers can be detected by various static experimental techniques such as electron, 3 scanning tunneling, 4 magnetic force, 5 scanning superconducting quantum interference device (SQUID), 6 and magneto-optical microscopies. 7 For example, ferromagnetic domains with hundreds of micrometers in a ferromagnetic relaxor, Cr-doped CO manganite Pr 0.5 Ca 0.5 MnO 3 , were observed by a scanning SQUID microscope. 6 . The photogenerated metallic patches out of the CO insulating region were also detected in Pr 0.7 Ca 0.3 MnO 3 .
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Although ultrafast creation and annihilation processes of the metallic phase in CO manganites were captured by using femtosecond pump-and-probe reflection spectroscopy at visible frequencies 10,11 and terahertz radiation, [12] [13] [14] [15] [16] there is no report concerning the real-space imaging of the metallic inhomogeneity on picosecond time scales.
Here we adopt the spatiotemporal terahertz radiation imaging technique and report the successful real-space imaging of the inhomogeneity of the subpicosecond photogenerated metallic regions in the CO insulating phase of the typical manganite, Pr 0. subsequently moving the sample along x-and y-axes [ Fig. 1(a) ]. Details of our experimental setup for the measurements of the spatiotemporal terahertz radiation imaging can be found in Ref. 23 .
We show in Fig. 1(c) typical example of the radiated terahertz wave forms in timedomain, measured at 10 K. The bias voltage V bias and the laser power P power were fixed to be ±8 V and of 50 mW, respectively. Within the framework of the current surge model, which were previously confirmed to be hold in the case of Pr 0.7 Ca 0.3 MnO 3 (Refs. 15,16),
where ǫ s the relative dielectric constant of Pr 0.7 Ca 0.3 MnO 3 , η 0 the impedance of vacuum (377 Ω), and σ photo the photoconductance. This relation holds 12,15 unless E bias exceeds the regime, where E THz irreversibly decreases at temperature close to the spin ordering temperature ∼ 130 K. 16 In the present experiment at 10 K, we confirmed the phase reversal of the wave form by the polarity reversal of V bias [ Fig. 1(c) ]. This clearly indicates that the transient surge current rather than the nonlinear optical effect, is source of the observed terahertz radiation. Therefore, we used this quantity as a measure of the amount of the photogenerated metallic patches in the CO insulating phase. The spot diameter of the femtosecond laser pulses was estimated to be about 5 µm, which is enough to be ruled out the possibility of the non-uniform illumination of the femtosecond laser pulses. One possibility to explain above findings is the presence of the inhomogeneous distribution of E bias due to the imperfection of the patterned antenna structure and/or to the roughness of our sample. To exclude such extrinsic possibilities, we measured the terahertz radiation image while both V bias and P power were increased to 18 V and 60 mW, respectively, at which the uniform metallic patch is formed, as reported in detail in our previous study. sition occurs. 16 To check whether E THz is proportional to E bias or not, we plot in Fig. 3(c2) the line profile of E THz along the y-axis at x = 100 µm. The data were represented by closed circles, which were normalized by the absolute value of E THz at the gap. The noise level is also shown by a gray line, which is extracted from the line profile of E THz along the y-axis at x = 10 µm. As can be seen, E THz between electrodes at positions far from the gap is about half of E THz at the gap, as indicated by the dotted line. In order to clearly identify The circles and gray lines in the lower panels represent the data at x = 100 µm and x = 10 µm, respectively. Solid lines are merely the guides to the eye. E THz is normalized by the maximum absolute value of E THz , except for E THz in (a2). The dotted line indicates the expected E THz at the position far from the gap of the antenna, which is inferred from the linear relationship of E THz with E bias [see Eq. (1)]. Upper panels show the histograms of the respective E THz at x = 100 µm.
the average value of E THz , we present in Fig. 3 (c1) the histogram of E THz along the y-axis at x = 100 µm. In this histogram plot, the number of E THz with a step of 0.1 was counted from the measured terahertz radiation image. As clearly seen in Fig. 3(c1) , there are two peak structures centered about −1 and −0.5, indicating that the linearity of E THz with E bias holds in our present sample. These results [Figs. 3(c1) and 3(c2)] ensure that the observed inhomogeneity shown in Fig. 2(a) cannot be ascribed to the extrinsic factors such as the inhomogeneous distribution of E bias .
The emergent position of the photogenerated metallic regions shown in Fig. 2 (a) seems to be arbitrary and is random in real-space since E bias between electrodes is identical.
This observation reminds us of the slow relaxation and aging effects, typical characteristics of the phase coexistence, which were frequently observed in CO manganites including Pr 0.7 Ca 0.3 MnO 3 (Ref. 24) . From the view point of such a phase coexistence, the photogenerated metallic regions also depend on the external stimulation procedure. Therefore, we removed V bias and P power and subsequently measured the terahertz radiation image in the same condition (V bias = 8 V and P pump = 50 mW). Indeed, the distribution of E THz was dramatically reconstructed, as shown in the terahertz radiation image of Fig. 2(b) . This is consistent with the view point of the slow relaxation and aging effects. Noticeably, the stronger E THz shows up around the gap during this procedure. Average value of E THz between electrodes, which is extracted from terahertz radiation image shown in Fig. 2 Therefore, it is reasonably consider that the observed nonlinear response of E THz as well as appearance of the randomness come from the intrinsic inhomogeneous distribution of the photogenerated metallic patches. Furthermore, the irregular change of the volume fraction of the photogenerated metallic patches was also identified in Figs. 2(a) and 2(b). Therefore, our present study has important implication that there is the metallic inhomogeneity on subpicosecond time scales, even in a robust CO insulating phase at 10 K. With increasing external perturbations, each metallic patch between the gap is merged into the single region and becomes homogeneous, as evidenced by the uniform distribution of terahertz radiation shown in Fig. 2(c) .
In summary, we have succeeded in visualizing subpicosecond photogenerated metallic inhomogeneity in the CO insulating phase of the typical CMR manganite, Pr 0.7 Ca 0.3 MnO 3 thin film, by mapping out the electric field of terahertz radiation. Such an inhomogeneity is created even on subpicosecond time scales and is highly random with the length scale of tens of micrometers, which could be modified by external perturbations, i.e., bias voltage and photoirradiation. The spatiotemporal terahertz radiation imaging technique used here would yield the complemented information of the electronic inhomogeneity, as widely revealed by the measurements of the static spatially-resolved images of the CMR manganites.
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Furthermore, this technique can be easily combined with a phase sensitive detection. This provides further insights into the nature of exotic properties of strongly correlated electron systems, partly reported in multiferroic BiFeO 3 thin films.
